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1  | INTRODUCTION
Elevational	 gradients	 on	 isolated	 mountains	 (especially	 on	 oceanic	
high-	elevation	islands)	pose	a	unique	opportunity	to	study	important	
ecological	 processes,	 including	 evolutionary	 dynamics	 (Steinbauer	
et	al.,	2016)	and	plant	invasion	(Alexander	et	al.,	2011;	Daehler,	2005).	
For	 both	 processes,	 oceanic	 high-	elevation	 islands	 offer	 a	 unique	





ecological	 opportunity),	 functional	 diversity,	 and	 reduced	 competi-
tiveness	 of	 species	 compared	 to	 those	 of	 the	mainland	 (Sol,	 2000).	
However,	recent	studies	indicate	that	the	island	susceptibility	hypoth-
esis	is	not	generally	valid.	Presumably,	the	isolation	of	islands	(smaller	







frequent,	and	 isolation	 is	 lowest	 (Becker,	Dietz,	Billeter,	Buschmann,	
&	Edwards,	2005;	Pauchard	et	al.,	2009).	Extreme	climatic	conditions	














larger	 spatial	 extent	 than	 high-	elevation	 ecosystems—a	 typical	 fea-
ture	of	mountain	systems	(but	see	Elsen	&	Tingley,	2015).	Especially	
tropical	and	subtropical	islands	possess	a	broad	climatic	range	due	to	
windward/leeward	 effects	 and	 thus	 a	 comparatively	 high	 absolute	
number	of	habitats	(Hortal,	Triantis,	Meiri,	Thebault,	&	Sfenthourakis,	
2009;	Irl	et	al.,	2015).	As	a	consequence,	most	species	on	oceanic	is-





independent	 of	 overall	 richness	 (c.f.,	Gillespie,	Claridge,	&	Roderick,	
2008)	although	it	is	still	susceptible	to	differences	in	disturbances.




tern	which	 has	 large-	scale	 support	 for	 islands	 as	well	 as	 continen-
tal	 mountains	 (Steinbauer	 et	al.,	 2016).	 However,	 this	 trend	 can	 be	







Directional	 ecological	 filtering	 along	 elevational	 gradients	
(Alexander	 et	al.,	 2011)	 causes	 isolation	 of	 high-	elevation	 ecosys-
tems	(Gillespie,	2004).	Particularly	on	oceanic	islands,	high-	elevation	
ecosystems	 tend	 to	 be	more	 isolated	 from	 the	 nearest	 ecosystems	
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inversion	 layer	 exists	 that	 impedes	 an	 orographic	 rise	 of	 moist	 air	
masses	 eliminating	 the	 trade	wind	 influence.	Above	 the	 thermal	 in-










(10	×	10	m)	 at	preselected	elevational	 levels.	Criteria	 for	plot	 selec-
tion	were	 accessibility	 and	 a	 slope	 not	 higher	 that	 35°,	 but	 always	
uninfluenced	 by	 roads.	 Along	 the	 western	 and	 northern	 transects,	
we	established	21	plots	distributed	evenly	between	seven	elevation	
levels	 spanning	100	m	and	 separated	by	300-	m	 intervals	 (note:	 the	
interval	between	the	second	highest	and	the	highest	elevation	level	
only	 measured	 200	m,	 because	 a	 maximum	 elevation	 of	 2,400	m	
a.s.l.	could	not	be	exceeded).	Three	replicates	per	 level	were	estab-
lished,	which	 is	 in	 accordance	with	 guidelines	 for	 optimal	 sampling	








island	 endemics,	 archipelago	 endemics	 (i.e.,	 endemic	 to	 the	 Canary	





As	 the	 Canary	 Islands	 share	 a	 high	 number	 of	 endemic	 species	
with	Madeira,	we	also	classified	Canary–Madeira endemics.	This	group	
includes	all	the	Canary	endemics	plus	the	species	with	a	globally	re-
stricted	 distribution	 range	 to	 the	 Canary	 Islands	 and	Madeira.	 The	
Canary	 Islands	 and	Madeira	 currently	 are	 located	 at	 a	 distance	 less	
than	400	km	and	were	even	closer	during	time	periods	with	lower	sea	
level	(Fernández-	Palacios	et	al.,	2011).	We	further	identified	a	subset	





The	relation	between	 indices	 (for	richness,	endemism,	and	 invasion)	
with	 elevation	was	 assessed	 using	 generalized	 linear	mixed	models	
(R	 package	 lme4	 version	 1.1-	7,	 Bates,	Maechler,	 Bolker,	 &	Walker,	
2015).	 Full	models	 included	elevation,	elevation2,	 transect	 as	well	 as	
the	interactions	between	transect	and	elevation	as	explanatory	vari-
ables	 (y	~	elevation	+	elevation2	+	transect	+	transect:elevation).	 In	 a	
further	 step,	 elevation,	 elevation2,	 and/or	 the	 interaction	 between	
transect	and	elevation	was	removed	 if	not	significantly	contributing	






Poisson	 error	 distribution	 (log-	link	 function)	 was	 used	 for	 all	
richness-	based	 indices,	 while	 binomial	 error	 distribution	 (logit-	
link	 function)	 was	 used	 for	 percentage	 values.	 The	 binomial	 error	
F IGURE  1 Map	of	La	Palma.	La	Palma	is	the	northwestern	most	island	of	the	Canary	Islands	situated	off	the	coast	of	Morocco	(Africa)	in	
the	Atlantic	Ocean.	The	map	illustrates	the	location	of	the	western	(circles,	n = 21),	northern	(squares,	n = 21),	and	eastern	transects	(triangle,	
n = 24)	covering	a	large	elevational	gradient	of	more	than	2400	m	in	detail.	Due	to	the	predominant	trade	wind	direction	from	the	northeast,	
precipitation	increases	from	western	to	eastern	transect,	especially	at	mid-	elevations
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Nakagawa	 and	 Schielzeth	 (2013).	 All	 statistical	 analyses	 were	 per-
formed	in	R	version	3.2.0	(R	Development	Core	Team,	2015).
3  | RESULTS
3.1 | Diversification along an elevation gradient
Plant	species	 richness	showed	a	highly	significant	decrease	with	 in-










Canary	 archipelago	 endemic	 richness	was	 low	 at	mid-	 and	 high	
elevations	with	fewer	than	four	species	per	plot.	Canary	archipelago	
endemic	richness	generally	decreased	with	elevation	for	all	transects,	
with	 similar	 declines	 from	 about	 ten	 species	 at	 100	m	 elevation	 to	
about	 four	 species	at	 the	summit	 (p < .001	 for	elevation,	p < .01	 for	
elevation2,	no	interaction	between	elevation	and	transect,	Figure	2c).	
The	number	of	Canary	archipelago	endemics	was	significantly	higher	





imum	 around	 750	m	 for	 all	 transects	 (p < .001)	with	 overall	 highest	














action),	 slightly	 declined	 on	 the	western	 transect	 and	 increased	 on	
the	northern	transect	(p < .01)	but	did	not	change	along	the	elevation	
gradient	on	the	eastern	transect.	The	number	of	single-	island	endem-













Overall	richness y	~	elevation***	+	transectn.sig	+	elevation:transect*	+	(1|block) Poisson .74 .79
Native	richness y	~	elevation***	+	transectn.sig	+	elevation:transect*	+	(1|block) Poisson .72 .77
%	Natives y	~	elevation*	+	elevation2*	+	transectn.sig	+	(1|block) Binomial .81 .81
Archipelago	endemics y	~	elevation***	+	elevation2**	+	transect*	+	(1|block) Poisson .40 .48
%	Archipelago	endemics y	~	elevation***	+	elevation2***	+	transect*	+	(1|block) Binomial .71a –
Island	endemics y	~	elevation	*	+	transect***	+	(1|block) Poisson .44 .56
%	Island	endemics y	~	elevation2*	+	transect***	+	(1|block) Binomial .32a –
Canary–Madeira	endemics y	~	elevation***	+	elevation2*	+	transectn.sig	+	(1|block) Poisson .59 .59
%	Canary–Madeira	endemics y ~	elevation***	+	elev.2***	+	transect**	+	elev.:transect*	+	(1|block) Binomial .66a –
Madeira–Canary	twins y	~	elevation***	+	elev.2***	+	transectn.sig	+	elev.:transect**	+	(1|block) Poisson .83a –
%	Madeira–Canary	twins y	~	elevation**	+	elevation2**	+	transect***	+	(1|block) Binomial .82 .83
Non-	natives y	~	elevation*	+	elevation2**	+	transect**	+	(1|block) Poisson .77a –















ferent	 locations	along	the	elevational	gradient	 (p < .01	for	elevation,	
p < .001	for	elevation2,	interaction	p < .05,	Figure	2i).	For	the	western	
transect,	the	relationship	peaked	at	low	elevations,	while	on	the	north-






3.2 | Invasion along elevational gradients
Non-	native	 species	 richness	 reached	 its	 maximum	 around	 500	m	
(Figure	2j)	 and	 afterward	 decreased	 for	 all	 transects	 with	 elevation	
(p < .001,	 no	 interactions),	 with	 an	 above	 average	 number	 of	 non-	
native	 species	 on	 the	 northern	 slopes.	 Non-	native	 species	 richness	
ranged	 from	 zero	 to	 five	 species	 on	 the	 northern	 transect	 and	 zero	
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4  | DISCUSSION
4.1 | Species diversity and diversification along 
elevational gradients
In	our	 study,	plant	 species	 richness	as	well	 as	 the	number	of	archi-






area	 is	 often	 seen	 as	 a	 surrogate	 for	 habitat	 diversity	 (Hortal	 et	al.,	














ecological	opportunity	 for	 adaptive	 radiation	 to	fill	 gaps	 in	 resource	
usage	that	are	left	unoccupied	(Steinbauer	et	al.,	2016).	Opportunity-	






Bergh,	Haiden,	Hoffmann,	&	Britton,	2015).	 In	 contrast	 to	 richness-	
based	 indices	 (like	 the	 number	 of	 endemics),	 the	 percentage	 of	 en-
demic	species	indicates	to	which	degree	local	species	pools	on	oceanic	
islands	originate	 from	 in	situ	speciation	 (the	alternative	origin	being	
colonization	from	other	areas,	Irl	et	al.,	2015).
In	 summary,	 two	 explanations	 for	 the	 observed	 pattern	 in	 the	
three	elevational	gradients	are	in	accordance	with	the	suggested	rel-
ative	immaturity	of	high-	elevation	ecosystems	compared	to	lower	el-
evations	 (Fernández-	Palacios	et	al.,	 2014).	 First,	 in	 lower	elevations,	












































ture	 in	 this	 elevational	 zone	 (del	 Arco	 Aguilar,	 González-	González,	
Garzón-	Machado,	&	 Pizarro-	Hernández,	 2010).	 Beyond	 that,	 eleva-
tion	exhibits	a	strong	negative	influence	on	non-	native	species	rich-
ness	and	the	percentage	of	non-	native	species.	Above	about	1,200	m	
a.s.l.,	 non-	native	 species	 were	missing	 in	 this	 study.	 Environmental	




1. The	1,200-m	 threshold	 corresponds	 very	well	with	 the	 transition	
from	 cultivated	 lowland	 vegetation	 (i.e.,	 plots	 located	 mainly	 in	
extensively	managed	rangeland	or	recently	abandoned	cultivation)	
to	 the	 pine	 forests	 (although	 cultivation	 can	 reach	 higher	 ele-
vations	 in	 other	 areas	 of	 La	 Palma).	 Above	 1,200	m	 elevation,	
only	 extensive	 forestry	 is	 practiced	 in	 the	 sampled	 area	 due	 to	
     |  777STEINBAUER ET Al.
increasing	 steepness	 and	 deteriorating	 climatic	 conditions.	 As	 a	
consequence,	human	disturbances	associated	with	agriculture	and	




et	al.,	 2010;	 Irl,	 Steinbauer,	 Messinger,	 et	al.,	 2014).
2. Pinus canariensis	forests	are	highly	dominant	above	this	threshold	
(1,200–1,500	m).	 This	 vegetation	 type	 has	 the	 highest	 fire	 fre-
quency	on	the	Canary	Islands.	Only	non-native	species	with	a	rela-
tively	high	fire	tolerance	can	potentially	establish	in	the	vegetation	
zone	of	 the	pine	 forest;	 thus,	fire	might	act	as	a	 strong	filter	 for	



















tions	 (unpublished	data).	 In	 general,	 roadside	 communities	might	












the	high-	elevation	harshness	filter	on	 islands,	 creating	possibilities	 for	
invasion	at	increasing	elevations	in	the	near	future	(Harter	et	al.,	2015).
Besides	 increasing	 temperatures,	 increasing	 moisture	 availability	
has	 been	 shown	 to	 facilitate	 the	 invasion	 process	 (Maron	&	Marler,	
2007;	 Stohlgren	 et	al.,	 1999).	We	 observed	 highest	 values	 for	 non-	
native	species	richness	on	the	northern	transect.	This	supports	envi-






native	plants	 and	 their	 contribution	 to	 the	vegetation	 structure	 and	
composition	are	low	on	La	Palma	compared	with	many	oceanic	islands	
(Daehler,	2005;	Macdonald,	Thébaud,	Strahm,	&	Strasberg,	1991).	This	
fact,	 together	with	 the	 identified	spatial	patterns,	may	contribute	 to	
coping	and	management	strategies	in	order	to	mitigate	possible	future	
negative	impacts	of	invasive	species	at	an	early	stage.











Consistent	 with	 phylogenetic	 findings	 (Merckx	 et	al.,	 2015),	
Steinbauer	et	al.	(2016)	found	elevation-	driven	isolation	to	positively	




for	example,	via	 the	occurrence	of	 ruderal	 species,	 the	evolutionary	
signal	is	still	strong	in	the	spatial	gradients	detected	in	our	study.	The	
lower	 immigration	 rates	at	higher	elevations	 results	 in	 small	 species	
pools,	whereas	 the	 degree	 of	 endemism,	 as	 a	 proxy	 for	 diversifica-
tion,	is	high	(Merckx	et	al.,	2015).	A	combination	of	drivers	effectively	
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